ABSTRACT
INTRODUCTION
More than 99% of ovarian follicles fail to ovulate and undergo atresia at various stages of development. Follicular atresia occurs by apoptosis, or programmed cell death, of granulosa and theca cells [1] . Gonadotropins and locally produced intraovarian growth factors regulate folliculogenesis and atresia [2, 3] . Removal of serum from culture media induces apoptosis of granulosa cells [4] [5] [6] and other types of cells [7, 8] and has been used as a model to study events associated with apoptosis. The aim of the current studies was to determine whether the Fas antigen (Fas) plays a role in serum withdrawal-induced apoptosis of bovine granulosa cells. Fas is a cell surface receptor that, when engaged by Fas ligand (FasL) or specific agonistic antibodies, triggers apoptosis. Binding of an adaptor protein, FADD, to the death-effector domain of Fas activates a cascade of cysteine proteases known as caspases that cleave cellular substrates, resulting in cell death. Expression of Fas, FasL, or both has been demonstrated in ovarian follicles of rats, mice, humans, cows, and pigs [5, [9] [10] [11] [12] [13] [14] [15] [16] [17] and, under certain conditions, cultured follicular cells respond to treatment with FasL or agonistic anti-Fas antibodies by undergoing apoptosis [9, 13, 14, [16] [17] [18] . Thus, Fas/ FasL interaction is a potential signal for the initiation of apoptosis by follicle cells, resulting in atresia. The current study reports evidence that serum withdrawal-induced apoptosis of bovine granulosa cells is associated with increased expression of Fas and FasL. Furthermore, interaction between Fas and FasL is at least one of the mechanisms responsible for apoptosis. The fact that cells expressing FasL do not also stain with a marker for leukocytes provides evidence that FasL expression in the granulosa layer of follicles is not simply due to infiltration of immune cells that express FasL.
MATERIALS AND METHODS

Materials
All culture media and additives were obtained from Life Technologies, Inc. (Grand Island, NY). Sodium pyruvate, L-glutamine, and mouse immunoglobulin M (IgM) were from Sigma Chemical Company (St. Louis, MO). Tissue culture plates were obtained from Corning-Costar (Cambridge, MA) and Slide-Well chambers were from NuncIntermed (Naperville, IL). Polyclonal rabbit anti-rat FasL antibody (IgG; antibody C-178) was from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA), monoclonal mouse antihuman Fas antibody (IgM; clone CH-11) and recombinant soluble human FasL were from Upstate Biotechnology (Lake Placid, NY), and mouse anti-bovine CD45 antibody was from Biosource (Camarillo, CA). Human Fas:immunoglobulin Fc was from Pharmingen (San Diego, CA). Rabbit IgG and phycoerythrin (PE)-conjugated goat antimouse IgM were obtained from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA). Alexa 488-conjugated goat anti-rabbit IgG and Alexa 488-conjugated annexin V (Vybrant apoptosis assay kit) were obtained from Molecular Probes (Eugene, OR). Avian myeloblastosis virus (AMV) reverse transcriptase (RT) was obtained from Promega (Madison, WI), random hexamer from Pharmacia (Piscataway, NJ), and Taq polymerase from Fisher (Pittsburgh, PA). Bovine interferon-␥ (IFN) was graciously provided by Dr. Dale Godson, Veterinary Infectious Disease Organization (Saskatoon, SK, Canada).
Cell Culture and Treatment
Freshly excised cow ovaries from an abattoir were transported in saline at room temperature (approximately 1.5 h) and processed immediately thereafter. Granulosa cells were obtained by aspiration of 5-to 10-mm follicles with a 16-gauge needle, followed by flushing follicles once with Dulbeccos modified Eagles medium (DMEM)-Hams F12 medium. Cells were collected by centrifugation, washed, counted, and cultured in DMEM-F12 (supplemented with 1 mM pyruvate, 2 mM glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, and 0.25 g/ml fungizone) containing 10% FBS for 2 days. Cells were plated on Day 0 at 5 ϫ 10 4 cells/well in 96-well plates for cell viability assays and at 5 ϫ 10 5 cells/well in 6-well plates for analysis of RNA. Plating densities were determined experimentally so that cultures reached confluence between Days 2 and 3. On Day 2 of culture, media was changed to DMEM-F12 containing 5% FBS. On Day 3, viable cell number was determined to provide a baseline for subsequent cell counts. Media was immediately changed to DMEM-F12 without FBS, and viability was determined 0, 3, 6, 12, 24, 48 , and 72 h after serum withdrawal. Cells were removed from the well by trypsin and live cells were counted in a hemacytometer using trypan blue-exclusion. Percent killing was calculated by subtracting the number of viable cells counted at each time after serum withdrawal from the number of viable cells counted just prior to serum withdrawal and dividing by the number of viable cells prior to serum withdrawal. Cultures were frozen at the same time points except for 72 h for subsequent preparation of total cellular RNA. Cultures at 72 h appeared insufficiently healthy for preparation of RNA. Four replicate wells were counted at each time point and experiments were repeated using three separate granulosa cell preparations.
Assessment of Apoptosis
An early and specific marker for apoptosis is the translocation of phosphatidylserine from the inside to the outside of the cell membrane [19] . This process can be detected by the binding of fluorescent-labeled annexin V to phosphatidylserine in conjunction with the vital dye, propidium iodide. Healthy live cells do not stain with either annexin V or PI, cells in early stages of apoptosis stain with annexin V but not PI, whereas dead and dying cells stain with both annexin V and PI. Staining was performed using the Vybrant apoptosis assay kit according to the manufacturer's instructions as described previously [16] . Cells were cultured as described above and stained 12 h after serum withdrawal. Counts of viable cells by trypan blue-exclusion indicated that the number of viable cells progressively decreased between 6 and 24 h, suggesting that a population of cells in the early stages of apoptosis should be detectable at 12 h. Cultures at later times would have predominantly dead cells. The assay was repeated on three separate granulosa cell preparations.
Isolation of a Bovine FasL cDNA Clone
A 342-base pair (bp) fragment of bovine FasL cDNA spanning the positions of several introns and corresponding to position 387 to 729 of human FasL (GenBank accession number U11821) was cloned by reverse transcription-polymerase chain reaction (RT-PCR) of bovine spleen RNA. The fragment was amplified using a human sense primer (position 364 to 386, in exon 1 [20] ) and a bovine antisense primer (corresponding to human position 698 to 729, in exon 4). The bovine primer was designed using a 168-bp cDNA sequence for bovine FasL [21] . Amplification consisted of a preincubation at 94ЊC for 5 min before adding Taq polymerase and then 40 cycles at 94ЊC for 30 sec, 55ЊC for 30 sec, and 72ЊC for 30 sec. DNA sequencing of four independent clones indicated 88% and 82% fragment sequence homology with human and mouse FasL cDNA, respectively.
Analysis of Fas and FasL mRNA Expression by Competitive RT-PCR
The RT-PCR assay for bovine Fas mRNA was described previously [16] and was modified to facilitate concomitant assay of Fas and FasL mRNA. Total RNA was prepared from cultures of granulosa cells at 0, 3, 6, 12, 24 , and 48 h after serum withdrawal. RNA (0.8 g) was reverse transcribed in the presence of various amounts of internal bovine Fas and FasL RNA standards (10-1300 attomoles/reaction for Fas and 2-205 attomoles/reaction for FasL) using AMV-RT and random hexamer primers. Fas and FasL RNA standards were prepared by in vitro transcription of fragments of mutated Fas antigen cDNA as described [16] and FasL cDNA. The bovine FasL cDNA fragment contained a 49-bp deletion internal to PCR primer binding sites (corresponding to position 652 to 700 of human FasL cDNA [GenBank accession number U11821]). Complementary DNA in RT reactions was amplified in the presence of 32 PdCTP. For analysis of Fas mRNA, PCR primers were designed as described [16] to span the position of three introns and to generate a 206-bp fragment for the sample RNA and a 159-bp fragment for the internal RNA standard. For analysis of FasL mRNA, primers were designed to generate a 267-bp fragment for the sample RNA and a 218-bp fragment for the internal RNA standard (positions of 5Ј and 3Ј primers correspond to positions 462 to 482 in exon 2 and 729 to 701 in exon 4 of human FasL, respectively; numbering according to GenBank accession number U11821). Amplification consisted of a preincubation at 94ЊC for 5 min before adding Taq polymerase and then 40 cycles (Fas) or 37 cycles (FasL) at 94ЊC for 30 sec, 60ЊC for 30 sec, and 72ЊC for 30 sec. PCR products were fractionated on a 2% agarose gel. The gel was dried and radioactive signal was quantified on a Fuji BAS1000 PhosphorImager. The concentration of Fas or FasL mRNA in each sample was calculated by regression of the log (sample signal/standard signal) vs log standard concentration as previously described [16] . The sample concentration equals the standard concentration at the point where the sample signal equals the standard signal. The sample concentration is corrected for the 50-bp (Fas) or 49-bp (FasL) difference in the PCR product length between the sample and the standard. Samples from the same experiment were assayed together. Each assay included an RNA pool (prepared from bovine granulosa cells for Fas; bovine spleen cells for FasL) used to calculate the between assay coefficient of variation (coefficient of variation [CV] ϭ 9.2% for Fas assays and 16.0% for FasL assays; n ϭ 3 each).
Immunohistochemistry of Fas, FasL, and CD45
Granulosa cells were plated at 7 ϫ10 4 to 1 ϫ 10 5 cells/ well on 8-well glass slides on Day 0 and cultured as described above in DMEM-F12 containing FBS for 72 h before serum withdrawal. At various times after serum withdrawal (0, 3, 6, and 12 h), cells were fixed in acetone for 2 min at Ϫ20ЊC, and rinsed twice in 1ϫ PBS, 5 min each. Later times were not tested due to the degrading quality of the cultures. Cells were incubated in PBS-2% NGS containing 2 g/ml anti-Fas antibody or 10 g/ml anti-FasL antibody at 37ЊC for 1 h. Nonspecific binding was assessed with mouse IgM or rabbit IgG, respectively. Two g/ml PE-conjugated goat anti-mouse IgM and 2 g/ml Alexa 488-conjugated goat anti-rabbit IgG were used for the fluorescent detection of anti-Fas and -FasL, respectively. Immunohistochemistry for Fas and FasL was performed on three separate granulosa cell preparations.
Granulosa cell preparations were incubated with 2.5 g/ ml anti-CD45 antibody to determine the percentage of leukocytes present. Alexa 488-conjugated goat anti-mouse IgG was used for fluorescent detection. Cells were fixed and incubated as described above. Dual staining with 1 g/ml PI was performed after CD45 staining to visualize the granulosa cell nuclei. Images were obtained of four randomly chosen fields using a Spot II Digital Camera (Diagnostic Instruments, Sterling Heights, MI) and the number of CD45-positive cells and total cells (PI-stained nuclei) were counted. Fields contained a minimum of 139 cells. The experiment was performed on three separate granulosa cell preparations. As a positive control, bovine lymphocytes were added to existing cultures of granulosa cells just prior to fixation and attached to the plate by centrifugation of the culture dish at 400 ϫ g for 5 min.
Effect of Blocking Fas/FasL Binding on Serum Withdrawal-Induced Apoptosis
The requirement for interaction between Fas and FasL expressed on granulosa cells for serum withdrawal-induced apoptosis was studied using reagents that block Fas-FasL binding. Recombinant Fas:Fc protein, which consists of the extracellular portion of human Fas and the Fc portion of human IgG, binds to soluble or membrane-associated FasL and prevents interaction with Fas expressed on target cells, thus blocking FasL-induced killing [22] [23] [24] . A preliminary experiment was conducted to test whether an anti-rat FasL antibody directed against the extracellular domain (Santa Cruz Biotechnology antibody C-178) was an effective antagonist of FasL binding to Fas. Granulosa cells were cultured as described above and culture media changed on Day 2 to DMEM-F12 supplemented with 100 ng/ml insulin, 5 g/ml transferrin, 20 nM selenium, and 0.1% BSA. The change to defined media lacking serum was necessary because previous studies in our laboratory showed that FasLinduced killing was inhibited in the presence of FBS [18] . On Day 3 of culture, cells were treated with 0 or 100 ng/ ml recombinant soluble human FasL (maximal effective dose) in the presence or absence of 5 g/ml anti-FasL antibody or 5 g/ml rabbit IgG. Cells were counted 24 h later using trypan blue-exclusion as described above. Subsequently, the effect of anti-FasL antibody or Fas:Fc on serum withdrawal-induced apoptosis was tested. Cells were cultured as described above in DMEM-F12 containing FBS for 3 days. Media was then changed to serum-free DMEM-F12 without treatment, with 20 g/ml Fas:Fc, 5 g/ml antiFasL antibody, or 5 g/ml rabbit IgG. Cells were counted 24 h later using trypan blue-exclusion as described above. The experiment was repeated on three separate granulosa cell preparations.
Statistical Analysis
Data were analyzed by a randomized complete block ANOVA. Duncan's new multiple range test was used for comparison of means when overall significance was observed. Messenger RNA concentration was log-transformed prior to analysis.
RESULTS
Serum Withdrawal-Induced Killing of Bovine Granulosa Cells
Bovine granulosa cells cultured in DMEM-F12 containing serum for 3 days were deprived of serum, and counted at 0, 3, 6, 12, 24, 48, and 72 h after serum removal. Significant killing was observed 6 h after serum withdrawal (20.7%, P Ͻ 0.05 vs. cell counts at 0 h) and the percentage killed continued to increase until 24 h (42.6%; Fig. 1 ). There was no further increase in the percentage of cells killed by serum-withdrawal at 48 h (51.5%) and 72 h (51.3%). Cells in control wells (time ϭ 0 h, no serum withdrawal) contained 6.9 Ϯ 0.4 ϫ 10 4 cells/well, 38% greater than the number of cells plated.
Serum Withdrawal-Induced Killing Occurs by Apoptosis
During apoptosis phosphatidylserine is translocated from the cytoplasmic to the outer surface of the cell membrane. This can be detected by the binding of fluorescent-labeled annexin V to the external membrane of intact cells that exclude the nuclear dye, PI [16, 19] . Dead cells, both apoptotic and necrotic, and cells in late stages of apoptosis with compromised membranes, are detected by positive staining of both annexin V and PI. Cultures exposed to serum withdrawal for 12 h contained numerous cells which displayed bright staining with annexin V but not with PI, indicating that these cells were in the early stage of apoptosis (Fig. 2) . Fewer cells stained positively with annexin V and PI, which was indicative of dead cells. Cells cultured in serum displayed only sporadic staining with annexin V, and staining with PI was absent, which was indicative of healthy cultures with few dead or dying cells. 
Fas and FasL Expression in Bovine Granulosa Cells
Fas and FasL mRNA levels were measured using previously reported [16] and newly validated competitive RT-PCR assays, respectively. An example of an RT-PCR assay of FasL mRNA expression by granulosa cells cultured in serum-free media is shown in Figure 3 . Fas mRNA was detectable in granulosa cells cultured for 3 days (time ϭ 0 h) in media containing serum and did not change during the 48 h of serum deprivation (Fig. 4a) . FasL mRNA was also present in granulosa cells cultured in serum-containing media (time ϭ 0 h). By 3 h after serum withdrawal, FasL mRNA expression increased 4.7-fold, remained elevated up to 24 h, and returned to basal levels by 48 h (P Ͻ 0.05; Fig. 4b ).
Immunohistochemical Staining of Fas and FasL
The previously reported ability of anti-human Fas antibody (CH-11) to detect bovine Fas was confirmed by positive staining of a bovine kidney cell line, MDBK, which expresses Fas (Fig. 5f) [25] . The intensity of staining increased after incubation with 200 U/ml IFN (Fig. 5g) , a response reported in other cell types (reviewed in [13] ). Granulosa cells stained positively for Fas at 0 h (Fig. 5a ) and intensity of staining was increased at 3, 6, and 12 h after serum withdrawal (Fig. 5, b-d) . Staining was not done at time points after 12 h because the deteriorating health of the cultures prevented adherence of cells during the staining procedure. An anti-rat FasL antibody, which is reported to cross-react with human and mouse FasL, was validated for use in bovine tissue. There was intense staining of Sertoli cells within bovine seminiferous tubules (Fig. 6f) , cells previously demonstrated to express high levels of FasL in the rat [26] . Staining of granulosa cells for FasL was detectable at 0 h (Fig. 6a) and was increased in intensity at 3, 6, and 12 h after serum withdrawal (Fig. 6, b-d) . Control mouse IgM and rabbit IgG produced negligible staining (Fig. 5e and Fig. 6e, respectively) .
CD45 Staining of Lymphocytes and Macrophages in Granulosa Cell Cultures
Because lymphocytes and macrophages may express FasL, granulosa cell cultures were tested for contaminating leukocytes by staining for CD45, an antigen present on the surface of lymphoid cells. Less than 1% (0.7% Ϯ 0.6%, n ϭ 3) of cells were stained by anti-CD45 antibody (Fig. 7,  a and b) . As a positive control bovine lymphocytes were added to granulosa cell cultures, resulting in distinct positive staining of small spherical cells by the CD45 antibody (Fig. 7, c and d) .
Serum Withdrawal-Induced Apoptosis Occurs by Fas/FasL Interactions
To test whether serum withdrawal-induced apoptosis of bovine granulosa cells is mediated through the Fas path- way, the effect of blocking Fas/FasL interaction using Fas: Fc and anti-FasL antibody was examined. In preliminary experiments the anti-FasL antibody inhibited killing by soluble human FasL 72% Ϯ 11% (P Ͻ 0.05 vs. killing by soluble FasL ϩ rabbit IgG, n ϭ 3), indicating that the antibody effectively blocked Fas/FasL interactions. Subsequent experiments tested the effect of blocking reagents on serum withdrawal-induced apoptosis of granulosa cells. Cell death 24 h after serum withdrawal was reduced 34% Ϯ 12% and 55% Ϯ 1% by Fas:Fc and anti-FasL antibody, respectively (P Ͻ 0.05 vs. no blocking protein; Fig. 8 ). Addition of 5 g/ml rabbit IgG had no effect.
DISCUSSION
Bovine granulosa cells subjected to serum withdrawal were used as a model system to study the potential role of the Fas pathway in mediating apoptosis within the granulosa cell layer of ovarian follicles. Cell death occurred by apoptosis, based on positive staining of phosphatidylserine on the outer cell membrane by annexin V [19] . Annexin V binding is useful for detecting early stages of apoptosis when phosphatidylserine is exposed on the outer cell membrane but the membrane remains intact and PI is excluded. At later stages of apoptosis, cells stain positively for both annexin V and PI and cannot be distinguished from necrotic cells. Furthermore, dead cells become detached from the plate and are not available for staining with annexin V. Therefore, annexin V binding was used to qualitatively assess the presence of apoptotic cells. The percentage of cells killed by serum withdrawal was calculated by comparing the number of live cells attached to dishes in serum-free cultures relative to the number of live cells in cultures containing serum at time ϭ 0 h.
The results show that bovine granulosa cells express both Fas and FasL. Discrepancies exist in results of studies to localize the sites of FasL expression in the ovary [9, 10, 12, 27] . Despite this, a number of studies have shown that FasL expression occurs in the granulosa cell layer of the follicle and, because of its increased abundance in atretic follicles, is most likely expressed by granulosa cells rather than by nonovarian cell types such as infiltrating lymphocytes. However, T lymphocytes, macrophages, neutrophils, and mast cells infiltrate the theca and granulosa cell layers of the follicle at distinct times during follicle development [24, 28, 29] . These leukocytes may express FasL [30] [31] [32] . The fact that less than 1% of the cultured bovine granulosa cells stained positively for CD45, whereas essentially all of the cells stained positively for FasL, provides strong evidence that granulosa cells express FasL.
Expression of FasL mRNA and immunohistochemical staining for FasL protein increased after serum withdrawal. In contrast, Fas mRNA levels did not change after serum withdrawal but staining for Fas protein increased. These findings are supported by a previous study using pig granulosa cells in which Fas and FasL protein increased after serum withdrawal at the single 48-h time point examined [5] . A possible explanation for the finding that Fas protein expression increased in the absence of an increase in Fas mRNA is that the distribution of Fas in the cell may change after serum withdrawal. Such a mechanism was demonstrated in human vascular smooth muscle cells: Following activation of p53, Fas protein sequestered in the Golgi complex was rapidly translocated to the cell membrane, where it bound FasL and initiated apoptosis [33] . Expression of p53 increases during apoptosis in granulosa cells [5, 34] and is associated with increased responsiveness to Fas-mediated apoptosis [35] . Thus, redistribution of Fas protein to the cell membrane may have occurred in response to serum withdrawal. The rapid increase in Fas protein expression, observed 3 h after serum withdrawal, is consistent with this idea. Further experiments are necessary to determine whether redistribution of Fas protein occurs in granulosa cells.
The fact that staining for Fas and FasL protein increased in bovine granulosa cells shortly after serum withdrawal suggests that apoptosis might be mediated by Fas/FasL interactions. Furthermore, the effectiveness of reagents that block Fas/FasL binding (Fas:Fc and anti-FasL antibody) to inhibit serum withdrawal-induced apoptosis suggests that Fas/FasL interactions were at least partially responsible. The failure of anti-FasL or Fas:Fc to completely block killing suggests that other triggers of apoptosis may also be operative. The dose of anti-FasL used was determined experimentally to be maximal, while Fas:Fc was used at the highest reasonable concentration based on the manufacturer's formulation. However, the effectiveness of these two reagents may be hampered by two factors. First, FasL expressed on the surface of cells in confluence with other cells may not be accessible to the blocking reagents. Second, affinity of the reagents for bovine FasL may limit their effectiveness. Thus, the relative contribution of Fas/FasL to spontaneous apoptosis cannot be fully ascertained. Fas/ FasL interactions were required for c-myc-induced apoptosis of fibroblasts in the absence of serum [22] , stress-induced apoptosis of Jurkat T cells [23] , and for apoptosis of neuronal cells in response to withdrawal of survival factors [36] . In a fibroblast cell line, activation of the protein kinase Akt-1 by IGF-1, which is associated with cell survival, prevented the transcription factor, forkhead, from localizing to the nucleus and stimulating transcription of FasL [37] . Expression of Fas and responsiveness of cells to FasL-induced killing vary in healthy and atretic follicles during the bovine estrous cycle in a manner consistent with a role of the Fas pathway in follicular atresia [17] . In the rat, expression of Fas [9, 10, 35] and FasL protein [10, 35] were elevated in atretic relative to healthy follicles. Fas expression was elevated in atretic antral follicles in the human ovary [15] . The results of the current study provide evidence that there is a functional Fas pathway within the granulosa cell layer of the follicle and that this pathway is activated by apoptotic stimuli such as removal of survival factors.
Equally important to changes in Fas and FasL expression for inducing apoptosis may be the inactivation of pathways that, in the presence of growth factors, prevent Fas-mediated killing. In our previous studies, induction of apoptosis in bovine granulosa cells by soluble human FasL was blocked by the presence of serum in the culture media or by addition of growth factors such as IGF-1 to defined media [16, 18] . In addition, responsiveness to Fas-mediated killing was not directly correlated with the level of Fas expression. Because FasL was added exogenously, it was not a limiting factor in responsiveness. The presence of labile protein inhibitors of the Fas pathway in mouse granulosa cells was demonstrated by experiments in which cycloheximide promoted Fas-mediated killing in serum-containing media [13] . Inhibitors of the Fas pathway have been identified, including FAP-1 [38] and FLIP [39] , and expression of a general class of inhibitor of apoptosis proteins (IAPs) [40] has been demonstrated in the rat ovary [41] . Therefore, the loss of survival factors within ovarian follicles that inhibit the Fas pathway, together with increased expression of Fas and FasL, may trigger follicular atresia.
A substantial number of cell types that express both Fas and FasL have been identified [42] . In T lymphocytes, for example, paracrine interactions between Fas-and FasL-expressing cells induce apoptosis that is critical for regulation of the immune response [30] . Autocrine interaction between Fas and FasL has also been demonstrated in lymphocytes undergoing activation-induced cell death [30] . The fact that both Fas and FasL are expressed in the granulosa cell layer of the follicle and increase during apoptosis/ atresia suggests that autocrine interactions, paracrine interactions, or both between Fas and FasL may be involved. FasL is known to be active both as a transmembrane protein requiring cell-cell contact to activate Fas and in a soluble form produced when a metalloproteinase cleaves the extracellular portion of FasL from the cell membrane [30] . Information is not available to indicate whether the membrane-associated or soluble form of FasL is active under most examples of Fas-mediated apoptosis.
Approximately 50% of the cells died following serum withdrawal, with apoptosis occurring during the first 24 h and little or no further death from 24 to 72 h. Immunohistochemistry suggested that nearly all cells were expressing Fas and FasL despite the fact that 50% of the cells were resistant to apoptosis. In hepatocytes subjected to serum withdrawal a similar pattern of cell death was observed, with 42% death within 72 h and most death occurring by 24 h [8] . A possibility requiring testing is that granulosa cells may be susceptible to apoptosis only during particular stages of the cell cycle. An interaction between the cell cycle and susceptibility to apoptosis has been demonstrated in other cell types. In a number of cell types, withdrawal into the G 0 or resting stage of the cell cycle is associated with resistance to apoptosis [43] .
In summary, granulosa cells may express both Fas and FasL and expression of both proteins is increased during serum withdrawal-induced apoptosis. Serum withdrawal-induced apoptosis is mediated at least partially by Fas/FasL interactions. These findings support a potential role for an endogenous Fas pathway in granulosa cells, activated in response to removal of survival factors, to induce ovarian follicular atresia.
